Abstract. Clostridium purinolyticum decomposed uric acid via pyrimidine derivatives under selenium starvation conditions. Products were acetate, formate, glycine, ammonia, and CO2. 4,5-Diaminouracil could be identified as an intermediate after converting the labile substance into 6,7-dimethyllumazine. The breakdown of uric acid was inhibited by EDTA. Highpressure liquid chromatography methods have been developed for the simultaneous determination of uric acid, 4,5-diaminouracil, and 6,7-dimethyllumazine. The significance of the new pathway is discussed.
with uric acid under selenium starvation conditions (Dfirre et al. 1981) . If all the enzymes mentioned above needed this element for activity a decomposition of uric acid via the "imidazole" pathway should not occur. Since in earlier reports a degradation of some purines via uracil as an intermediate was suggested for Veillonella alcalescens (Micrococcus lactilyticus) , Peptococcus (Micrococcus) aerogenes, and C. stieklandii (Whiteley and Douglas 1951; Whiteley 1952; SchS.fer and Schwartz 1976 ) the possibility of a purine ring cleavage in the imidazole moiety yielding pyrimidine derivatives was investigated for C. purinolyticum in this report. The results prove the existence of a uracil derivative in a new pathway of anaerobic uric acid degradation.
Although the ability to degrade purines under anaerobic conditions is widely distributed in bacterial species (Vogels and van der Drift 1976) , only few clostridia are restricted to these compounds as carbon and energy sources (Barker and Beck 1942; Dfirre et al. 1981) . Clostridium aeidiurici and C. cylindrosporum ferment uric acid, xanthine, .guanine, and hypoxanthine via a set of imidazole derivatives to acetate, formate, glycine, ammonia, and CO2 (Radin and Barker 1953; Rabinowitz 1963) . All purines are converted into xanthine prior to ring cleavage. The activity of the enzyme xanthine dehydrogenase which is mainly responsible for these interconversions, strongly depends on the availability of selenium in the growth medium (Wagner and Andreesen 1979) .
Recently a new species of obligate purine-fermenting bacteria, C. purinolyticum, has been isolated (Dfirre et al. 1981) . This organism possesses a much wider substrate spectrum than the two other clostridia and decomposes purines via the same imidazole derivatives as does C. cylindrosporum (Dfirre and Andreesen 1982a) . The striking nutritional feature of C. purinolyticum is its strict dependence on selenium compounds for growth. This was thought to be due to the presence of some selenoenzymes such as xanthine dehydrogenase, formate dehydrogenase, and glycine reductase which have key functions in catabolic breakdown of purines and energy generation (Dfirre et al. 1981 ; Dfirre and Andreesen 1982b) . No explanation could be given for the fact that marginal growth was observed only
Materials and Methods
Clostridium purinolyticum (DSM 1384) was used throughout this study. The organism was grown in a medium modified from that of Rabinowitz (1963) . It contained: uric acid, ll.9mM; K2HPO4, 4raM; MgSO4, 0.14laM; FeSO4, 6 .3 ~tM; CaClz, 29 ~M; MnSO4, 0.1 ~tM; KHCO3, 20 raM; yeast extract (Difco Laboratories, Detroit, MI, USA), 0.1% (w/v), and thioglycolic acid, 29.2 raM. Care was taken to prevent contamination with selenium. For control experiments C. purinolyticum was cultured on adenine in the presence of selenite as already described (Dfirre et al. 1981) . All media were prepared under strictly anaerobic conditions. Analyses were carried out as follows: acetate by an enzymatic procedure (Dorn et al. 1978) , formate by the colorimetric method of Lang and Lang (1972) , and glycine as described by Sardesai and Provido (1970) . Quantitative analysis of pyrimidines was done by the high-pressure liquid chromatographic method described before (Diirre and Andreesen 1982a) and under Results. Cell-free extracts were prepared according to Dfirre and Andreesen (1982 b) . Protein content of extracts was determined by the method of Beisenherz et al. (1953) . Ammonia was identified according to Holdeman et al. (1977) .
Purine degradation studies were performed in plastic reaction vessels of a volume of about 1.5 ml. Solutions of uric acid or adenine were buffered with potassium phosphate buffer (4 raM, pH 7.5), supplemented with EDTA (final concentration 6 mM) when indicated. The reaction vessels were closed with serum stoppers, gassed with oxygen-free nitrogen for 30 min, and placed into a water bath (37~ Degradation was started by injecting i00 gl of cell-free extract into the reaction vessels with a microliter syringe giving a final volume of 1 ml. Samples were taken at hourly cubated at 70 ~ C for 20 rain (Burrows and Brown 1978) . Sub-~" sequently the mixture was centrifuged to remove precipitated protein and the supernatant was analyzed by HPLC.
~ o.a 6,7-Dimethyllumazine was obtained from EGA Chemie, Steinheim, FRG, and 4,5-diaminouracil was purchased from ~ 0.2 Sigma Chemie GmbH, Munich, FRG. All other chemicals used were of the highest purity commercially available. < 0.1
Results

Evaluation of a HPLC Method for Simultaneous Determination of Uric Acid, 4,5-Diaminouracil, and 6, 7-Dimethyllumazine
A hypothetic degradation of uric acid yielding pyrimidine derivatives has to start at the carbon-8 of the purine ring system. A split at this position would yield probably a highly unstable uracil derivative which decarboxylates yielding 4,5-diaminouracil. Unfortunately, the latter compound is relatively unstable in aqueous solution, too, but it can be reacted with butanedione to give the stable compound 6,7-dimethyllumazine (Hollander et al. 1980) . A high-pressure liquid chromatographic separation and quantitative determination of the three compounds mentioned could not be achieved using 100 mM potassium phosphate buffer in the pH range from 2.5 to 4.0 as eluent, but a good resolution for uric acid and 6,7-dimethyllumazine was obtained with a methanol/HzO mixture (1:1) as mobile phase (Fig. 1) . A separation from 4,5-diaminouracil proved to be possible but this compound quickly decomposed just after being dissolved ( Fig. 2) .
No effort was made to analyze these degradation products.
Degradation of Uric Acid Under Selenium Starvation Conditions
Products of uric acid decomposition by selenium-starved cells of Clostridium purinolyticum were acetate, glycine, formate, ammonia, and CO2 (Table 1) . No other carbon-or nitrogencontaining compounds were detectable by standard gas chromatographic procedures (Vollbrecht et al. 1978) . The fermentation balance given was nearly balanced. Only a qualitative analysis of ammonia was possible (Holdeman et al. 1977) since an enzymatic determination (Da Fonseca-Wollheim et al. 1974 ) was inhibited by compounds of the yeast extract in the medium supernatant. The following fermentation equation could be drawn (without consideration of the formed ammonia): 1 uric acid ~ 0.58 acetate + 0.25 formate + 0.06 glycine + 3.47 CO2 (calculated).
Extracts from cells cultured with omission of selenite performed a degradation of uric acid concomitant with the formation of 4,5-diaminouracil assayed as 6,7-dimethyllumazine ( Table 2 ). The reaction was inhibited in the presence of sequestering agents such as EDTA. No 6,7-dimethyllumazine could be detected in the cells when uric acid was omitted from the assay mixture. The pteridine derivative was only formed by the reaction of supernatant from the decomposition assay with butanedione. Extracts from cells grown in the presence of selenite degraded uric acid, but no net formation of 4,5-diaminouracil could be detected. Never- A formation of uracil, thymine, or cytosine during uric acid decomposition was never observed as shown by HPLC analysis. A number of pyrimidine derivatives was tested as growth substrates for C. purinolyticum. 4-Amino-2,6-dihydroxypyrimidine, 5-amino-2,6-dihydroxypyrimidine, 4,5-diamino-2,6-dihydroxypyrimidine, 2,4,5-triamino-6-hydroxypyrimidine, 2,4,5-trihydroxypyrimidine, and uramil (= 5-aminobarbituric acid) did not serve as carbon and energy sources nor could any degradation by whole cells be observed as judged from HPLC analysis.
Discussion
Clostridium purinolyticum degrades purines via the same imidazole intermediates as found with C. acidiurici and C. cylindrosporum (Radin and Barker 1953; Rabinowitz 1963 ; Diirre and Andreesen 1982a) only if selenium compounds are present in the growth medium. The results reported in this paper show that under selenium starvation conditions an alternative pathway is used for uric acid decomposition. A split at the carbon-8 position leads to pyrimidine derivatives among which 4,5-diaminouracil could be identified as an intermediate. A scheme of these reactions is given in Fig. 3 . Since an oxo group adjacent to a nitrogen In the first experiments 1.2 mg of protein were used, in the third experiment 2 mg of protein. 4,5-Diaminouracil was always detected after tranformation into 6,7-dimethyllumazine atom is necessary for a hydrolytic attack on the imidazole ring system it becomes clear why adenine and xanthine were not fermented by C. purinolyticum under selenium deficiency conditions (D/irre et al. 1981) . These compounds contain a methine group in the 8-position. It would be interesting to know whether other 8-hydroxylated purines will serve as carbon and energy sources for selenium-starved C. purinolyticum. Unfortunately, with the exception of the expensive 6,8-dihydroxypurine such compounds are commercially not available. The steps by which 4,5-diaminouracil is degraded to acetate, formate, glycine, ammonia, and CO2 are not known. One possibility might be the substitution of the amino groups by hydroxyl groups with subsequent reduction and splitting of the ring system which finally might yield serine. Enzymes for the degradation of serine via pyruvate to acetate are present in C. purinolyticum (Dfirre and Andreesen 1982b) .
The fact that hydroxylated uracil derivatives are not used as growth substrates does not disprove this hypothesis, because it might be explained by missing transport systems. The marginal growth of selenium-starved C. purinolyticum with uric acid points to the significance of the new pathway only as an emergency reaction which enables the organism to survive under conditions of selenium deficiency.
The breakdown of uric acid to 4,5-diaminouracil has to be catalyzed by enzymes since under physiological conditions no chemical degradation will occur (Albert 1957) . Such a decomposition needs temperatures of about 190~ (Pfleiderer 1957). The enzyme(s) present in C. purinolyticum is (are) inhibited by EDTA, as already reported for the xanthinase which catalyzes purine breakdown in selenium-supplemented cells (Dtirre and Andreesen 1982a ). An inhibition of purine breakdown by EDTA was also reported for C. sticklandii (Sch~ifer and Schwartz 1976) . The relatively high level of 4,5-diaminouracil in cells of C. purinolyticum cultured in the presence of selenite might be explained by the need of the organism for folate and flavin coenzymes. These compounds are always synthesized from purines by similar reactions (Albert 1957; Burrows and Brown 1978; Hollander and Brown 1979; Hollander et al. 1980) . Especially tetrahydrofolate derivatives play an important role in purine degradation by C. purinolyticum supplemented with selenite (Dtirre and Andreesen 1982a, b). We conclude that under Scheme of uric acid degradation via pyrimidine derivatives such conditions the first enzymes of the new pathway only serve for anabolic reactions where they have to be present only in much lower activities. The nonstoichiometric yield of 4,5-diaminouracil from uric acid (Table 2) can be explained by the lability of this compound. An anaerobic purine breakdown via uracil and/or thymine was supposed to occur in Veillonella alcalescens, Peptococeus aerogenes, and C. sticklandii (Whiteley and Douglas 1951; Whiteley 1952; Sch/ifer and Schwartz 1976) . All authors assumed this way to be a minor pathway ofpurine decomposition. The greater portion of the purines should be degraded via imidazole derivatives as in C. cylindrosporum. No further information is available concerning these cocci. P. prevotii on the other hand probably uses the imidazole pathway for the fermentation ofpurines (Reece et al. 1976 ). In C. sticklandii uracil serves in two-substrate fermentations (Stickland reaction) as an oxidant (Schwartz and Schfifer 1973) . The compound is incompletely metabolized to dihydrouracil, dihydrothymine, and N-carbamoyl-2-aminoisobutyrate (SchS.fer and Schwartz 1980) . A reduction of uracil to dihydrouracil is also reported for C. sporogenes and C. botulinum (Hilton et al. 1975 ), but growth was not stimulated by the pyrimidine. The same phenomenon was found by Campbell (1957) for C. uracilicum. This organism degrades uracil to/~-alanine, ammonia, and CO2, but cannot use it as energy source. Only recently, clostridial strains were isolated which showed a growth stimulation after uracil addition (Mead et al. 1979) . So it seems that uracil serves mainly as a nitrogen source under anaerobic conditions as found for phototrophic bacteria (Kaspari 1979) or as a hydrogen acceptor. The formation of uracil and/or thymine during purine degradation possibly represents a dead end in catabolism, however, the pyrimidines represent very valuable building blocks in the anabolism of nucleic acids and coenzymes.
The new pathway leads to a speculation that some sort of diabetes, induced by the pyrimidine alloxan (Dunn et al. 1943; Pojek and Ro~i6 1980) might be due to a microbiological origin of this compound. One third of uric acid excreted by man is degraded in the gut by bacteria (S~brensen 1960, 1965, 1978) . A decomposition of uric acid via pyrimidines might occur by bacteria of the gut under conditions of selenium deficiency as indicated in this paper. The enzyme xanthine dehydrogenase of anaerobic purine-degrading bacteria is a selenoenzyme (Wagner 1980; Imhoff 1981) . A conversion of uric acid into xanthine might, therefore, generally be prevented or slowed down under this starvation condition. Alloxan itself could not be formed inside the intestinal tract due to its oxidized status. A so far unknown substituted pyrimidine compound might be transferred from the gut to oxigenated blood or tissues where the oxidation to relatively unstable (Seligson and Seligson 1951) alloxan might occur. Especially, the B-cells of the Langerhans islets accumulate alloxan quite efficiently and are very sensitive to peroxidative destruction. The activity of the selenoenzyme glutathione peroxidase is generally low in the B-cells (Malaisse-Lagae et al. 1981) . If the selenium content of an individual is also low, the protection of these cells might be even lower resulting in a more pronounced sensitivity towards the damaging effects of compounds such as alloxan. Alloxan diabetes can be prevented by addition of superoxide dismutase as a prophylactic (Grankvist et al. 1981) .
Support of this hypothesis can be drawn from the report of Griffiths (1948) where diabetes can be induced by uric acid in rabbits fed with a methionine-and cysteine-deficient diet. Since all sulphur-containing compounds always contain some selenium due to the chemical relatedness of these elements (Wilber 1980 ), a methionine-and cysteine-deficient diet could mean selenium-starved conditions. The conflicting reports that no incidence of diabetes could be achived after intraperitoneal injection of uric acid (Grunert and Phillips 1951 ; Lee and Stetten 1952) but after oral admission (Scott et al. 1981 ) point out the importance of the intestinal tract and its nutritional status. In patients showing symptoms of both diabetes and gout, gout always preceeded diabetes (Wolfram 1976) . This paper demonstrates that the involvement of pyrimidines in purine breakdown is only a metabolic escape reaction.
